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Abstract 

Ferroelectric BaTi0 3 /SrTi0 3 with optimized c-axis-oriented multilayered thin films were epitaxially fabricated on (001) 
MgO substrates. The microstructural studies indicate that the in-plane interface relationships between the films as 
well as the substrate are determined to be (001)s r TiO3//(001)BaTiO3//(001) M go and [100]s r TiO3//[100] B aTiO3//[100] Mg o. 
The microwave (5 to 18 GHz) dielectric measurements reveal that the multilayered thin films have excellent 
dielectric properties with large dielectric constant, low dielectric loss, and high dielectric tunability, which suggests 
that the as-grown ferroelectric multilayered thin films can be developed for room-temperature tunable microwave 
elements and related device applications. 
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Background 

Ferroelectric perovskite oxide materials have fascinated 
considerable attention both in scientific research and tech- 
nology development due to their interesting physical prop- 
erties and important application prospects in various areas 
such as electric, optical, and microwave devices in control 
systems and wireless communications. In the past two de- 
cades, the nonlinearly dielectric property of ferroelectric 
oxides has been utilized for various devices in tunable 
wireless microwave communications, such as room- 
temperature tunable microwave phase shifters, oscillators, 
filters, antennas, etc. [1-12]. Especially, ferroelectric bar- 
ium strontium titanate (Ba^Sr^TiOs or BST) thin films 
have been considered to be one of the most important 
candidates for the development of tunable microwave 
components. However, the relatively large dielectric inser- 
tion loss, soft mode effect, and limited figure of merit at 
high-frequency microwave regions still restrict practical 
applications in tunable microwave elements. Therefore, 
optimizing the microwave dielectric properties by lower- 
ing the dielectric loss tangent and enhancing dielectric 
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tunability has become an important issue for device appli- 
cations [13-19], 

Multifunctional tunable ferroelectric BaTi0 3 /SrTi0 3 
(BTO/STO) heterostructures with artificial multilayer 
and/or superlattice structures have achieved a great en- 
hancement on physical properties compared to the single- 
crystal epitaxial films of BTO, STO, and BST [20-27], 
Especially, the interface and nanosize effects have been 
found to significantly enhance the dielectric properties 
from the BTO/STO multilayer system at low frequency 
range [28-33], However, there are quite a few reports on 
high-frequency microwave properties in the gigahertz 
range. Recently, we have systematically studied [(BaTi0 3 ) 
04 /(SrTiO 3 ) 0 .6]Af multilayered thin films and found that 
the high-frequency microwave dielectric properties and re- 
lated physical properties can be significantly improved by 
optimizing the growth conditions. The optimized dielec- 
tric performance was achieved with the best value for the 
loss tangent (0.02) at approximately 18 GHz with each 
BTO layer thickness near 7.0 nm [34], However, the high 
dielectric constant of near 1,600 achieved from the 
[(BaTi0 3 ) 0 .4/(BaTi0 3 )o.6]7v multilayer is too high to meet 
the device requirements for impedance matching which is 
normally less than 500 [35], To reduce the dielectric con- 
stant for meeting the impedance matching requirement, 
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we have redesigned and further investigated a new combi- 
nation of BTO/STO multilayer systems of the optimized 
[(BaTi0 3 )o.5/(BaTi03) 0 .5]i6 based on our above optimized 
multilayered structure. Here, we report our recent achieve- 
ments on the microstructural studies and high-frequency 
microwave (5 to 18 GHz) dielectric measurements of 
[(BaTi0 3 )o.5/(SrTi0 3 )o.5]i6 on (001) MgO substrates. 

Methods 

A KrF excimer pulsed laser deposition system with a 
wavelength of 248 nm was employed to fabricate the 
ferroelectric BTO/STO multilayered thin films on (001) 
MgO substrates. Single-phase pure BTO and STO targets 
were employed for the fabrication. The single-crystal MgO 
substrates were selected for the epitaxial growth of the 
superlattices because of their low frequency-dependent di- 
electric constant (approximately 9.7) and low loss tangent 
values (approximately 3.3 x 10" 7 ). The optimal growth 
conditions were found at a temperature higher than 840°C 
with an oxygen pressure of 250 mTorr under a laser en- 
ergy density of about 2 J/cm 2 with a repetition rate of 4 
Hz. The BTO and STO layers have been designed to have 
the same thickness with a stacking periodic number (N) of 
16, as seen in Figure 1. The microstructure, crystallinity, 
and epitaxial behavior of the as-grown multilayer were 
characterized by X-ray diffraction (XRD) and cross- 
sectional electron microscopy. The microwave dielectric 
properties were characterized using a coplanar waveguide 
(CPW) test structure consisting of an 8720C Vector 
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Figure 1 The sketch of the formula of BTO/STO 
superlattice structure. 





Network Analyzer (Agilent Technologies, Inc., Santa 
Clara, CA, USA) and an on-wafer probe station. After the 
thru-reflect-line calibration, the swept frequency response 
of the S parameters can be obtained from the reference 
(CPW lines on bare MgO substrates) and test samples 
(CPW lines on BTO/STO multilayer-coated substrates). 
Details of the measurement technique can be found in the 
literature [36,37]. 

Results and discussion 

Figure 2 is the typical XRD pattern of the as-grown 
[(BaTi0 3 )o.5/(SrTi0 3 )o.5]i6 multilayered thin films on the 
(001) MgO substrate with a total thickness about 500 
nm. Only (00 /) peaks appear in the 6-26 scans for the 
multilayer and substrate, indicating that the multilayer is 
c-axis oriented or perpendicular to the substrate sur- 
faces. The rocking curve measurements from the (002) 
reflection of the multilayer show that the full width at 
half maximum is about 0.9°, indicating that it has good 
single crystallinity and epitaxial quality. However, three 
additional peaks at 26 « 22.04, 26 « 22.28, and 26 « 
22.79 appeared, which were identified as the satellite 
peaks of the (002) reflection. Thus, the multilayer thick- 
ness can be estimated from these satellite peaks using 
the standard formula L = [A Cu (/<ra)/ {sin6 n + 1 - sin0 w )] 
[38], where A Cu (/<:a) is the wavelength of the Cu(/<a) radi- 
ation and n corresponds to the wth satellite peak. There- 
fore, the thickness of every periodic layer (L) was found to 
be about 35 nm, giving the overall multilayer thickness of 
about 560 nm. This result is in good agreement with the 
multilayer design. The 0 scans were also employed to 
study the epitaxial quality and the in-plane relationships 
between the multilayer and the substrate. The insets of 
Figure 2 are the 0 scans taken from the {101} planes of 
the superlattices and MgO substrate. Only fourfold 
symmetric {101} reflections with sharp peaks were 
presented in the scans, suggesting that the multilayer 
has good single crystallinity and epitaxial quality. The 
in-plane interface relationships between the multilayer 
and the MgO substrate are therefore determined to be 

[100] S To//[100]BTo//[100] M go and (001) S to//(001) B to// 
(001) Mg o These interface relationships indicate that the 
multilayer has the cube-on-cube epitaxial growth nature. 

To further understand the epitaxial nature and interface 
structures of the as-grown multilayer, high- resolution 
transmission electron microscopy (HRTEM) and high- 
angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) were employed to study the 
interface microstructure of the BTO/STO multilayer on 
(001) MgO substrates. Figure 3a is a bright-field TEM 
image of the ferroelectric BTO/STO multilayer grown on 
the (001) MgO substrate. The multilayered structures can 
be clearly seen from HRTEM images. The inset is a se- 
lected area electron diffraction pattern taken at the film/ 
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Figure 2 A typical X-ray diffraction pattern of the as-grown BTO/STO superlattices on MgO substrate. The insets are the cp scans taken 
around the {101} planes of the superlattices and MgO substrate, displaying that the films have excellent epitaxial behavior. 



substrate interface with the electron beam direction parallel 
to the [100] M go- The interface relationship of the as-grown 
BTO/STO multilayer was determined to be (001) B to/sto// 
(001) Mg o and [100] B TO/STo//[100] Mg o with respect to the 
MgO substrate. Figure 3b is the HAADF-STEM image 
showing the multilayered structure with sharp interface 
structures. The electron diffraction, HRTEM, and HAADF- 
STEM studies on the as-grown multilayer suggest that the 
films have good single crystallinity and epitaxial quality. 

The CPW test structure was used to determine the 
high-frequency microwave dielectric properties of the 



BTO/STO superlattices on (001) MgO. The test struc- 
tures were fabricated on the bare MgO substrate (refe- 
rence sample or 'Ref ') and the multilayer (test sample or 
'Test') to determine the attenuation and phase constants 
with and without the film test samples, which were used 
to compare the propagation characteristics between the 
reference and test samples. Figure 4a shows the swept 
frequency responses for the reference and test samples 
from 5 to 18 GHz. It can be seen that the insertion loss 
contribution from the multilayer is only about approxi- 
mately 0.17 dB at 5 GHz and approximately 0.45 dB at 
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Figure 4 Plots of (a) insertion loss and (b) calculated and 
measured conductor loss and dielectric loss. The inset in (a) is 
the relative insertion phase of 5 21 . 



18 GHz, indicating that the films have low insertion 
loss at these frequencies. The inset of Figure 4a is the 
plot of the relative insertion phase of S 2 \ for the ref- 
erence and test samples. The total relative phase of 
S21 in degrees can be obtained by adjusting the phase 
of <S 2 i to a lagging phase. From the magnitude and 
the relative phase of S 2 i, we can obtain the attenu- 
ation and phase constant for the reference and test 
samples. Figure 4b shows the calculated and the mea- 
sured conductor loss and dielectric loss in the sample. 
It is clearly seen that the calculated and measured 
total losses are well matched. 

Once the capacitance of the films was determined, 
the relative dielectric constant of the film £ film can be 
obtained by conformal mapping technique [33], Cfii m 
= £ o ( £ fiim ~ £ sub) 2 t/s, if the limit of film thickness t 
« 5, where s is the spacing distance between the cen- 
ter conductor and the ground line for the CPW line, 
and £ su b is the relative dielectric constant of the 
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Figure 5 Plots of (a) relative dielectric constant and loss 
tangent and (b) tunability of BTO/STO superlattices. 



substrate. Figure 5a shows the frequency dependence 
of the relative dielectric constant and the loss tangent 
for the multilayer. The relative dielectric constant and 
the loss tangent are varying from 340 to 445 and 
from 0.001 to 0.04, respectively. A maximum dielec- 
tric constant of approximately 445 at 10.65 GHz and 
a minimum dielectric loss of approximately 0.001 at 
7.15 and 16.425 GHz were found. Figure 5b is the 
plot of the tunability versus the frequency of the 
multilayer, showing that a large dielectric tunability of 
12% to 35% has been achieved from 5 to 18 GHz 
with a bias voltage of 200 V or an applied field of 
200 kV/cm. These results indicate that the optimized 
dielectric performance for such a designed multilayer 
occurs at 10 to 12 GHz with an optimized dielectric 
constant of 445, a dielectric loss of 0.01, and a dielec- 
tric tenability of 35%. Overall, the microwave dielec- 
tric property of the BTO/STO multilayer on (001) 
MgO suggests that this system can be developed for 
room-temperature tunable microwave elements and 
related device applications. 

Conclusions 

In summary, ferroelectric BTO/STO multilayers have 
been epitaxially grown on (001) MgO by pulsed laser 
deposition. The microstructural studies from X-ray 
diffraction show that the as-designed multilayers 
are c-axis oriented with good epitaxial nature. The 
high-frequency microwave (5 to 18 GHz) dielectric 
measurements reveal that the multilayers have excel- 
lent microwave dielectric properties with very low 
dielectric loss and high dielectric tenability, which 
suggests that the BTO/STO multilayers on (001) 
MgO have great potential for the development of 
room-temperature tunable microwave elements and 
related applications. 
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